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Particle collisions require quantum advantage

Factorization separates non-perturbative
inputs from perturbative calculations

e.g. PDF, TMD,
Jet Functions[1]

This is an assumption!
It gets O(α) corrections

Showering based on
classical models.

Someday, this piecemeal approach could be
replaced by quantum simulation.

But we should only “quantumize”
what we must!

[1]
Bauer, C. W., M. Freytsis, and B. Nachman. In: (Feb. 2021). arXiv: 2102.05044 [hep-ph].
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What might a galactic algorithm look like?

|0〉
Uvac(t)

|Ω〉

(a†)n|Ω〉
Uad(t) |pp〉

e−iHt

O(t)

Vacuum Prep+Adiabatic evolution+Trotterization+Measurements[2]

Example: |〈pp̄|U(t)|ππππ〉|2 needs O(107) logical qubits

≈
(

3 fm
0.05 fm

)3×(3 links× 11 qubits + 3 colors× 2 flavors× 2 spins× 1 qubit)

[2]
Jordan, S. P., K. S. M. Lee, and J. Preskill. In: Science 336 (2012). arXiv: 1111.3633 [quant-ph].
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Fundamentally, physics needs quantum computers.

Credit: Scott Aaronson
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What is the state of QC? Nasty, brutish and short

24 cycles of gates with 60 qubits[3]

[3]
Zhu, Q. et al. 2021. arXiv: 2109.03494 [quant-ph].
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Where could we be when EIC runs?

43 Z2 η?

43 QCD η?

203 QCD PDF?

ν − Ar?
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So ahead of the curve, the curve becomes a sphere

(1970s) Formulate the problem

(1980s) Reaching the continuum

(1990s) Reducing lattice artifacts

(2000s) Dynamical Fermions

(2010s) Form Factors, QED

(2020s) Nuclei
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Cheaper: Response functions for nuclei[4]

Today:Triton with 4q and O(10) gates
2030?:ν-Ar with 4kq and 108 gates

[4]
Roggero, A. and J. Carlson. In: Phys. Rev. C 100 (2019). arXiv: 1804.01505 [quant-ph], Roggero, A., A. C. Y. Li,

J. Carlson, R. Gupta, and G. N. Perdue. In: Phys. Rev. D 101 (2020). arXiv: 1911.06368 [quant-ph], Roggero, A. In: Phys.
Rev. A 102 (2020). arXiv: 2004.04889 [quant-ph].
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What will it take for practical quantum advantage?

Nq ∝ Ndof

(
L
a

)d
& Ng ∝ (Nq)

κ
(
T
at

)
Hadron scattering: L,T = O(10) fm, a, at = O(0.1) fm

Response funcs.[5]: L = O(1) fm, T = O(10) fm, a, at = O(0.1) fm

Transport coefficients[6]: L,T = O(1) fm, a, at = O(1) fm
[5]

Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. Res. 2 (2020). arXiv: 1908.10439 [hep-lat].
[6]

Cohen, T. D., H. Lamm, S. Lawrence, and Y. Yamauchi. In: (Apr. 2021). arXiv: 2104.02024 [hep-lat].
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What “champagne problems” need to be solved?

|q〉N → |G 〉? U|G 〉L → |ψ0〉?

U|ψ0〉 → |ψ(t)〉? 〈O〉?

Digitize: How are bosons
represented as registers?

Initalize: How can registers
be set to a state?

Propagate: How can gates
evolve states?

Evaluate: How can
observables be computed?
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How do I digitize a gluon?

Combination of Hamiltonian, Basis, and Truncation
What qualities make a GOOD scheme?

What quantum resources are required to get physical point?

What symmetries are being broken in digitization?

Can the scheme be simulated classically?

Hank Lamm The Future of QS 1 Sept 2021 11 / 15



Hank Lamm The Future of QS 1 Sept 2021 12 / 15



What is trotterization?

U(t) =e−iHt ≈
(
e−iδt

HV
2 e−iδtHK e−iδt

HV
2

) t
δt

≈ exp

{
−it

(
HK + HV +

δt2

24
(2[HK , [HK ,HV ]]− [HV , [HV ,HK ]])

)}

1.4

1.6

1.8

2

0 1 2 3 4 5 6 7 8 9 10

〈O
1
×
1
(N
δ t
)〉

Nδt

δt = 0.50

δt = 0.25

δt = 0.10

Introduces higher dimension operators
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What low-level primatives are required for LGT?

How do we build UK = e iHK and UV = e iHV ?

U†F Uphase UF

U†F Uphase UF

U†F Uphase UF

U†F Uphase UF

|U12〉 U× U× U× UTr U× U× U×

|U13〉 U−1 • U−1 •

|U24〉 • U−1 • U−1

|U34〉 U−1 • U−1 •

D4 gates have ≥ 80% fidelity[7]

[7]
Alam, M. S., S. Hadfield, H. Lamm, and A. C. Y. Li. In: (Aug. 2021). arXiv: 2108.13305 [quant-ph].
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It’s time to go

So many things to do!...and lots can be done before the machine exists

Digitizing SU(3)

Spectroscopy for approximations
Explicit circuits

Reducing the errors

e.g. Finite volume, finite a, at ,
decimation errors, fidelity to obtain
realisitic resource estimates

Algorithms for state prep, smearing

Investigate desirable properties

PDF?, Viscosity?

Actual simulations of toy models

Z2 & D4
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